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Tuesday, February 28, 2012 569amotors that either speed up, slow down, or switch directions in response to il-
lumination. These genetically encoded motors should be directly deployable in-
side living cells, and may also be useful for controlling directed transport
outside of cellular contexts.
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Myosin V is a dimeric molecular motor, which transports organelles toward
the barbed end of actin filaments in cells. Its highly efficient unidirectional
motility requires the coordination of ATPase cycles in two head domains,
to ensure that the rate-limiting ADP release almost exclusively occurs in
the trailing head and the motor steps forward. Single-molecule measurements
revealed that the directional loads modulate the kinetics of nucleotide binding
to myosin V, suggesting that the head-head communication may be based on
intramolecular load, generated when both heads are bound to actin. Here we
directly tested the effect of the intramolecular load on the processive stepping
of myosin V, using point mutations in the converter domain, which are in-
ferred to reduce intramolecular load but do not affect the nucleotide binding
or actin affinity. The converter is a compact structure, which transmits tiny
conformational changes, induced at the nucleotide-binding site in the process
of ATP hydrolysis, to the lever arm. To disturb the transmission mechanism,
we replaced with alanines, one at a time, two phenylalanine residues that
form a hydrophobic cluster with the C-terminus of the relay helix. The ef-
fects of the mutations on the myosin’s V motility were tested by multiple ki-
netic and single-molecule assays. We found that the F749A mutation
significantly increases the proportion of backward steps, whereas the
F697A mutation completely abolishes the processive stepping of myosin V.
These results provide strong experimental evidence that the efficient unidirec-
tional processive stepping of myosin V is ensured by the head-head commu-
nication based on the intramolecular load, which coordinates ATPase cycles
in two motor domains.
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Myosins are involved in many cellular tasks, including organelle trafficking,
cytokinesis, maintenance of cell shape, and muscle contraction. Different my-
osins perform different tasks with distinct mechanical and chemical character-
istics. Although their core structures are similar, their subtle differences in
sequence can cause drastic differences in these characteristics. This study
used sequence analysis to identify conserved and unique structures of several
myosin families including myosin II, myosin V, and myosin VI. Using myosin
VI as an example, we identified several myosin VI-specific residues where all
myosin VI proteins have an identical amino acid but no other myosin has the
same amino acid in the same aligned column. P444 may contributes to the
weaker binding to actin in myosin VI comparing to myosin II and V. M701
is located at the tip of SH1 helix which is the linkage between motor domain
and converter. F763 is located in the converter which strongly interacts with
the motor domain to position the converter. This method can also be applied
to other myosin families to gain mechanistic understanding of myosin
functions.
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Myosin VI is an ATP driven molecular motor that functions as both a vesicle
transporter and a cytoskeletal anchor. Recently, we reported that myosin VI
generates three types of steps by taking either a distant binding or adjacent
binding state. The adjacent binding state is unique to myosin VI and therefore
may help explain some of myosin VI’s distinct features including its dual func-
tions. To better understand this state, we performed simultaneous observations
of the head and tail domains and of the two head domains during motility. We
found that the lever arms tilt forward in the adjacent binding state and that thenucleotide binding affinities are similar to that of the rear head domain in the
distant binding state. From these results, we propose a model for how the ad-
jacent binding state leads to myosin VI dual function.
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Myosin VI is an unconventional myosin motor that moves towards the minus
end of actin filaments. The motor is known to interact with various binding
partners and function as an anchor and a vesicle carrier in many diverse
functions, including endocytosis and exocytosis. The multiple functions are
likely to be regulated through the binding partners. The functional units of
the motor (monomers/dimers) and the effects of binding partners remain
unclear.
Here we present a quantitative FRET based assay to measure the association
of binding partners and determine the effect upon the oligomeric state of
myosin VI. We have shown that myosin VI tail forms relatively tight inter-
actions with the binding partners NDP52 (Kd 1 mM) and Dab2 (Kd 5 mM).
We also found that these binding partners oligomerize myosin VI, increasing
the affinity of oligomerization from >80 mM to 4 mM. We purpose this is
achieved by the binding partners relieving auto-inhibition of the cargo-
binding domain. Furthermore, we have characterized the interactions of bind-
ing partners with full length myosin VI using size-exclusion chromatography
and sucrose density gradients. Single molecule photobleaching assays have
been performed to determine the stoichiometry of the complexes. Functional
measurements have been carried out using ATPase and single molecule mo-
tility assays in the presence of the binding partners to determine effects upon
the motor activity.
Supported by DFG, SFB-863, Freidrich Baur-Stiftung and EMBO.
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The molecular motor myosin VI has been implicated in endocytosis, a traffick-
ing pathway mediating intracellular uptake of items such as membrane recep-
tors and nutrients. Previous studies demonstrate the localization of the large
insert isoform of myosin VI to clathrin-coated vesicles and the no insert iso-
form of myosin VI to early endosomes. The kinetics of myosin VI function-
ality on these endocytic structures has not yet been examined, however. This
study uses fluorescence recovery after photobleaching (FRAP) to examine the
turnover kinetics of the no insert and large insert isoforms of myosin VI dur-
ing endocytosis. The results demonstrate that myosin VI turns over dynami-
cally on endocytic structures and that different isoforms on different
intracellular compartments have distinct turnover rates. The FRAP assay sys-
tem is then implemented with a novel live cell expression of an artificial di-
mer of myosin VI to demonstrate the dimeric functionality of myosin VI on
endocytic structures in vivo. Further studies of the turnover rates of the my-
osin VI binding partner Dab2 on clathrin-coated structures demonstrate that
Dab2 turns over more rapidly than full length myosin VI, a novel indication
of the relative turnover rates of a motor protein versus its binding partner on
a given cellular compartment. The turnover kinetics of specific myosin VI
motor domain mutants on endocytic structures are also examined, e.g. the
D179Y mutant implicated in progressive hearing loss, a study which offers
insight into the functional source of myosin VI-related deafness. In addition
to providing insight into the endocytic functionality of myosin VI, these
FRAP studies offer general insight into the dynamics of myosin motor pro-
teins on intracellular structures, the functional differences between isoforms
of given myosin proteins, and the comparative turnover rates of myosin pro-
teins and their binding partners.
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The shaker-1 mice carry a missense mutation in the myosin VIIa gene (R502P)
and exhibit deafness, circling behavior and mild retinal degeneration.
570a Tuesday, February 28, 2012Developmental and electrophysiological studies have shown that the cochlear
function is altered in these mice. We carried out a detailed kinetic analysis
of the baculoviral expressed truncated shaker-1 construct to assess whether
the ATP hydrolysis mechanism is altered in these mice. The basal steady-
state rate (0.03 s1) is activated by actin only 1.5 -fold. ATP binding is
relatively fast (1.22 uM1s1) and the dissociation of the myosin from the
actomyosin complex is the same as for the wild type myosin VIIa (400 s1).
ADP binding to (1.8 uM1s1) and the dissociation (1.5 s1) from the actomy-
osin complex are also similar to the wild type. Phosphate release from the
M-ADP-Pi complex is slow (0.07 s
1) and is not activated by actin. Quenched
flow experiments show that there is no Pi burst and the rate of the hydrolysis is
0.12 s1. The R502 residue is in a small loop that is in the middle of an a-helical
region which aligns with the switch-2 helix and is the continuation of the relay-
loop. The sequence in the loop is changed from NRPM to NPPMwhich is likely
to alter the conformation of the helix-loop-helix structure that is relatively
straight in all myosins.
Consequently the rate constants of the steps leading into the power stroke (hy-
drolysis and phosphate dissociation) are reduced greater than 10-fold whereas
the post-power stoke steps are essentially unchanged. As a result the shaker-1
mutant protein has a severely compromised ATP hydrolysis mechanism in
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Myosin X is an unconventional myosin that is critical for cargo transportation
to filopodia, and is associated with the mechanism underlying filopodia forma-
tion and extension.
We previously reported that myosin X-HMM is a processive motor with large
~34 nm step size. Our myosin X-HMM dominantly shows the large step size on
both single actin filament and fascin-actin bundle although a minor ~18 nm step
size can be seen on fascin-actin bundle [Sun et al. (2010) Nat. Struct. Mol.
Biol., 17, 485-491]. On the other hands, Rock and his colleagues recently re-
ported that their myosin X-HMM only showed ~18 nm step size [Nagy et al.
(2010) J. Biol. Chem., 285, 26608-26617; Kapitein et al. (2010) Biophys. J.,
99, 2143-2152]. Thus, the actual step size of myosin X remains to be
elucidated.
To address the question of innate step size of myosin Xmolecules, we produced
the full-length myosin X construct with a leucine zipper motif at the C-terminal
end (M10FullLZ) to ensure the dimer formation. We first compared the locali-
zation of M10FullLZ with the wild type myosin X full-length (M10Full) in COS7
cells, and confirmed that M10FullLZ localized at the tip of filopodia, which is
similar to M10Full.
We next expressed M10FullLZ in Sf9 cells and purified for motility assay. The
M10FullLZ could move actin filaments in PIP3 dependent manner by in vitro
multi-molecule motility assay, consistent with the result of M10Full. We then
analyzed the single molecular step size of M10FullLZ using a total internal re-
flection fluorescence microscope. The mean step size of M10FullLZ was the
large ~34 nm on single actin filaments. This result suggests that the innate
step size of myosin X is ~34 nm. The step size of M10FullLZ on actin bundles
in filopodia is now underway.
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Cells organize their contents and regulate cell shape and mechanics through
molecular motors functioning on cytoskeletal filaments. Myosin X, an actin-
based motor that concentrates at the distal tips of filopodia of mammalian cells,
selects the fascin-actin bundle at the filopodial core for motility. While poorly
processive on single actin filaments, it takes processive runs on actin bundled
by fascin. Recently we showed that the post-IQ region is the main contributor
to myosin X’s selectivity. This region contains a charged single alpha-helix
(SAH), which may impart unique mechanical or affinity properties to the mo-
tor. The structural character of this region was perturbed by insertion of a free
swivel (GSGGSG flexible linker) after the SAH domain. The post-SAH swivel
mutant showed no preference for bundled actin for motility in vitro, thus pro-
viding support to a selectivity model where the search space of the forward
head for the next binding site is constrained to neighboring filaments in a bun-dle. Here we investigate if interrupting the ‘‘selectivity module’’ also has the
described effect in live cells.
We overexpressed in the U2OS cell line three fluorescently tagged forms of
myosin X: the GCN4 forced dimer used in in vivo experiments, the post-
SAH swivel mutant of GCN4 dimer and the wild type with a native dimeriza-
tion domain. GCN4 forced dimer performs in the cell in the same manner as
full- length myosin X. Introducing a free swivel in the SAH domain region af-
fects the selective nature of myosin X in the natural cytoskeleton environment
of the cell interior as co-localization of GFP labeled protein with filopodial tips
does not occur for the Swivel mutant.
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Molecular motors of the myosin superfamily share a generic motor domain re-
gion. They bind actin in an ATP-sensitive manner, exhibit actin-activated
ATPase activity, and generate force and movement in this interaction. Many
myosins, such as the members of class-18 have not been characterized in-
depth. Class-18 myosins form heavy chain dimers and contain protein interac-
tion domains outside the motor domain. Changes of otherwise highly conserved
active site residues have raised the question whether myosin-18 can produc-
tively interact with ATP in the same way as other myosins. A recently de-
scribed interaction of mammalian myosin-18A with the Golgi-associated
phosphoprotein GOLPH3 was proposed to link the Golgi apparatus to the
actin-based cytoskeleton. Here, we characterized human myosin-18A function
and its interaction with GOLPH3 in vitro. We found that the interaction of the
myosin-18A motor domain with actin filaments appears to be unusual, as the
ADP state displays the highest actin-affinity. We performed negative-stain
electron microscopy with myosin-18A motor domain decorated F-actin fila-
ments in different nucleotide states and observed the most homogenous and
continuous decoration in the ADP-state. The isolated N-terminal subdomain
contains a region rich in lysine and glutamate (KE) and a PDZ module. We
show that the KE-rich region displays ATP-independent binding to F-actin,
whereas the PDZ module mediates the binding of myosin-18A to GOLPH3
and thereby to the Golgi apparatus. We propose that human myosin-18A con-
nects the actin cytoskeleton with the surfaces of organelles such as the Golgi
apparatus and that it can target interacting proteins or complexes to the actin
cytoskeleton via its PDZ module.
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Myosin XXI is a motor found in the disease-causing organism Leishmania.
Genome analysis identified only two myosin genes, a class IB and a class
XXI. While no expression of myosin IB has been found in the organism
to date, myosin XXI has been detected in both the promastigote and the
amastigote stages of the Leishmania life cycle, where it is preferentially lo-
calised to the proximal region of the flagellum. The presence of only a single
myosin isoform suggests that this myosin carries out a variety of functions
within the protozoa, including possible roles in membrane anchorage as
well as longer range directed movements with cargo. We have co-
expressed myosin-XXI and calmodulin in a baculovirus system, and found
that it binds a single calmodulin at its neck domain which is required for mo-
tility, although not for ATPase activity. Myosin XXI transports actin fila-
ments in motility assays, and is insensitive to both high salt and Ca2þ
concentrations up to pCa 4. Sequence analysis of myosin XXI identifies a leu-
cine zipper as well as two short coiled-coil regions, suggesting that myosin
XXI is able to dimerise. To confirm this hypothesis we expressed a variety of
tail constructs and studied formation of dimerisation using gel filtration. We
found that the tail fragment binds calmodulin and dimerises. Intriguingly the
full-length myosin XXI initially appeared to be a monomer. Further studies
showed the tails dimerise in a temperature dependent manner. While the tails
are stable monomers below 20 oC, they form dimers above this. When this
was repeated with the full-length protein we also observed the creation of
dimers or higher state oligomers. We are further characterising this observa-
tion using electron microscopy and TIRF microscopy photobleaching
experiments.
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